ABSTRACT: Metal-free dioxygenation of alkenes with tertbutyl nitrite and N-hydroxylamines (N-hydroxyphthalimide, N-hydroxybenzotriazole, and N-hydroxysuccinimide) is described to produce β-aminoxy nitrate esters using air as the oxidant. These organic nitrates can be readily converted into 1,2-diols and 1,2-diketone with broad substrate scope and functional group diversity.
■ INTRODUCTION
Recent advances in dioxygenation of alkenes have led to the development of effective methods for the construction of regioselective C−O bond formation. 1−3 From an industrial standpoint, the use of air or molecular oxygen as an oxidant is attractive for this synthetic goal as it is readily available and environmentally benign. 2 Transition-metal-catalysts have been considerably explored for this purpose. 3 In contrast, metal-free protocols are rare, which are valuable from an economical and environmental viewpoint. 4 Alexanian and co-workers reported dilauroyl peroxide-catalyzed dioxygenation of alkenes with hydroxamic acids and molecular oxygen to afford β-oxyamine alcohol at moderate temperature (Scheme 1a). 4b More recently, Adimurthy and co-workers demonstrated phenyliodonium diacetate-mediated dioxygenation of alkenes with hydroxylamines and molecular oxygen to give β-keto alkoxyamines at room temperature (Scheme 1b). 4e These strategies provide an efficient synthetic tool for a selective radical 1,2-dioxygenation of alkenes. Herein, we report a simple, general, and efficient dioxygenation of alkenes with tert-butyl nitrite (tBuONO) and N-hydroxylamines using air to afford β-aminoxy nitrate esters at room temperature via tandem C−O and O−N bond formations, which are important functional scaffolds of natural products 5 and biologically active compounds 6 (Scheme 1c and Figure 1 ). 7 The selectivity, broad substrate scope, and functional group diversity are the important practical features. The nitrate esters can be further converted into 1,2-diols and 1,2-diketone that are versatile building blocks in organic synthesis.
■ RESULTS AND DISCUSSION
Initially, the optimization of the reaction was performed using 4-methylstyrene 1a with N-hydroxyphthalimide (NHPI) 2a as a model substrate in the presence of tert-butyl nitrite (tBuONO) under ambient conditions (Table 1) . Gratifyingly, the dioxygenation efficiently occurred to furnish nitrate ester 3a in 63% yield along with peroxide 4a (5%), alcohol 4a′ (6%), and ketone 4a″ (7%) as byproducts at 24 h in 1,2- dichloroethane (entry 1). Subsequent screening of the solvents led to an increase in the yield of 3a to 69% using chlorobenzene, whereas dichlormethane, toluene, CH 3 CN, tetrahydrofuran (THF), dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) furnished inferior results (entries 2−8). Varying the amount of 4-methylstyrene or tBuONO led to drop of the yield to <61% (entries 9−12). The reaction with oxygen balloon was less selective compared to that using air (entry 13). The use of N 2 led to the formation of 3a in a trace amount (entry 14).
Having optimized the reaction conditions, the scope of the procedure was studied for the reaction of a series of alkenes (Scheme 2). Styrene 1b underwent oxidation to give nitrate ester 3b in 58% yield. The reaction of styrenes bearing substitution at the 2-position of the aryl ring with chloro 1c and methyl 1d groups produced dioxygenated derivatives 3c and 3d in 60 and 62% yields, respectively. Styrenes having substitution at the 3-position with bromo 1e, methoxy 1f, methyl 1g, and nitro 1h functionalities afforded nitrate esters 3e−h in 47−66% yields. Similar results were observed for the styrenes containing substitution at the 4-position with bromo 1i, chloromethyl 1j, chloro 1k, and phenyl 1l groups, giving dioxygenated structural scaffolds 3i−l in 57−65% yields. Disubstituted styrene such as β-methylstyrene 1m oxidized to nitrate ester 3m as a 18:1 mixture of diastereomers in 61% yield, whereas trans/cisstilbenes 1n−o underwent dioxygenation to give nitrate ester 3n as a 17:1 diastereomers in 56 and 51% yields, respectively. In contrast, trisubstituted styrene, trans-α-methylstilbene 1p, showed no reaction, which may be due to the steric effect. However, 2-vinylnapthalene 1q oxidized to nitrate ester 3p in 61% yield.
The scope of the procedure was extended to the reaction of N-hydroxybenzotriazole (HOBt) 2b (Scheme 2). Styrene 1b oxidized to furnish ester 3q in 51% yield. A similar result was observed with 1f bearing a methoxy group at the 3-position of the aryl ring, affording 3r in 57% yield. The reaction of styrenes having substitution at the 4-position of the aryl ring with acetoxy 1r, bromo 1h, chloromethyl 1j, chloro 1k, fluoro 1s, methyl 1a, phenyl 1l, and PINO 1t functional groups furnished the corresponding nitrate esters 3s−z in 47−58% yields. In contrast, α-methylstyrene 1u underwent reaction with HOBt to produce a trace amount of target nitrate ester 3aa along with alcohol 4b′ 3g in 48% yield and nitroalkane 5 in 26% yield. In addition, β-methylstyrene 1m and trans-stilbene 1n underwent dioxygenation to give nitrate esters 3ab and 3ac in 52 (dr = 5:1) and 47% (dr = 17:1) yields, respectively. Styrenes bearing electron-donating substituents exhibited greater reactivity compared to that of those bearing electron-withdrawing substituents due to the greater stabilization of the benzyl radical. The procedure was further extended to the reaction of N-hydroxysuccinimide (NHSI) 2c. These reactions produced the nitrate esters in good yields. For example, dioxygenation of styrene 1b and 4-methylstyrene 1a was studied as the representative examples. The reaction occurred to give nitrate esters 3ad and 3ae in 57 and 59% yields, respectively.
Next, the scope of the procedure was studied for the reaction of cyclic alkenes (Scheme 3). Pleasingly, the oxidation efficiently occurred to produce the corresponding nitrate esters in good yields. For example, the reaction of 1,3-cyclohexadiene 1v and indene 1w with NHPI and HOBt furnished nitrate esters 3af−ai in 42−49% (dr = 10:1−20:1) yields. Recrystallization of 3ag in CH 2 Cl 2 gave a single crystal, whose structure was determined using X-ray analysis (see the Supporting Information). In addition, 1-norbornene 1x underwent reaction with HOBt to provide nitrate ester 3aj in 47% yield as a 14:1 mixture of diastereomers. The procedure was further investigated for the reaction of alkyl alkenes (Scheme 4). The reaction of 1-octene 1y, 1-decene 1z, and 1-dodecene 1aa with NHPI furnished nitrate esters 3ak−3am in 28−32% yields. Vinyl acetate 1ab underwent reaction with NHPI to provide nitrate ester 3an in 35% yield. The reaction of 1-octene 1y and 1-decene 1z with HOBt afforded nitrate esters 3ao and 3ap in 26 and 29% yields, respectively. The greater reactivity of aryl substrates compared to that of the alkyl one may be due to the stabilization of benzyl radicals in the case of aryl alkenes that are formed during the course of dioxygenation as the intermediates.
The utility of the protocol was investigated for the gram-scale synthesis having 4-methylstyrene 1a with NHPI 2a as a representative example (Scheme 5). The oxidation took place to produce target nitrate ester 3a in 55% yield. The nitrate b Isolated yield. c Accompanied <5% of ketones and alcohols.
d trans-Stilbene used. e cis-Stilbene used.
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Article esters can be readily converted into medicinally important β-aminoxy esters 8 via hydrolysis (Scheme 6.) 9 For example, nitrate esters 3a, 3b, and 3k underwent reaction with hydrazine hydrate to produce β-aminoxy nitrates 6a−c in 79−85% yields.
The nitrate esters can be further transformed to 1,2-diols using Mo(CO) 6 in high yields (Scheme 7).
10a For example, nitrate esters 3a−b, 3e−f, 3k, 3n, 3p, and 3ag underwent reaction to give 1,2-diols 7a−h in 72−86% yields.
10b−d Similar results were observed with 3ad and 3ae, affording 7a and 7e in 77 and 81% yields, respectively. The nitrate ester can also be converted into the 1,2-diol using Zn/AcOH (Scheme 8).
4b For example, nitrate ester 3x underwent reaction to produce 1,2-diol 7e in 78% yield. Finally, the cleavage of the N−O bond of the nitrate esters was screened using Mo(CO) 6 (Scheme 9). 10a The reaction efficiently occurred to produce the 1,2-diols in high yields. For example, β-aminoxy nitrates 6a and 6c underwent reaction to produce 1,2-diols 7a and 7e in 80 and 82% yields, respectively. The nitrate ester can further be transformed into 1,2-diketone in high yield (Scheme 10).
3b For example, the reaction of 3n with triethylamine afforded benzil 8 in 86% yield.
To get insight into the mechanism, the reaction of 1a was carried out in the presence of TEMPO as a representative example (Scheme 11a). 11 The reaction produced adduct 9 as a sole product, and the formation of the nitrate ester was not observed, which suggests that the reaction may involve a radical pathway. In addition, peroxide 4a was prepared and subjected to the standard reaction. The reaction took place to afford nitrate ester 3a in 65% yield, which indicates that the reaction proceeds through the formation of the peroxy intermediate (Scheme 11b). Furthermore, the 18 O labeling experiment of 1a with 2b produced 3x′, which reveals the incorporation of two labeled oxygen atoms in the product (Scheme 11c). Thus, the reaction of tBuONO with R 2 NOH may produce R 2 N-O • radical a under air (Scheme 12). 12 Addition of a with alkene can give secondary radical b, which with oxygen (from air) may generate peroxy radical c. The latter with tBuONO can produce the tBuO
• radical and peroxo species d. Homolysis of d may lead to the formation of alkoxy radical e that can react with the NO 2 • radical to yield the target nitrate ester 3. Radical c may react with R 2 N-OH to give peroxide 4a, whereas alkoxy radical e with R 2 N-OH may lead to the formation of alcohol 4a′ that can oxidize to ketone 4a″. In these reactions, tBuONO with air acts as a radical initiator and NO 2 source.
In summary, a metal-free direct dioxygenation of alkenes is described with tBuONO and N-hydroxylamines using air as the oxidant at room temperature. The broad substrate scope and functional group diversity are the important practical features. The nitrate esters can be converted into 1,2-diols and 1,2-diketone. This study may open an avenue for the development of new synthetic strategies for the construction of diverse nitrate esters that are important in biological and medicinal sciences.
■ EXPERIMENTAL SECTION
General Information. Alkenes, N-hydroxyphthalimide (97%), N-hydroxysuccinimide (98%), tert-butyl nitrite (90%), 2,2,6,6-tetramethylpiperdine-1-oxyl (99%), molybdinumhexacarbonyl (98%) of Aldrich, N-hydroxybenzotriazole (98%) of Spectrochem, hydrazine hydrate (90−100%) of Merck, and zinc dust (90%) of Rankem were used as received. Styrene 2-(4-vinylphenoxy)isoindoline-1,3-dione was prepared according to the literature. 9 Merck silica gel G/GF 254 plates were used for analytical thin-layer chromatography (TLC). Rankem silica gel (60−120 mesh) was used for column chromatography. DRX-400 Varian and Bruker Avance III 600 spectrometers were used for recording NMR ( 1 H and 13 C) spectra using CDCl 3 as a solvent and tetramethylsilane as an internal standard. Chemical shifts (δ) and spin−spin coupling constant (J) are reported in ppm and in Hz, respectively, and other data are reported as follows: s = singlet, d = doublet, t = triplet, m = multiplet, dd = doublet of doublet, and br s = broad singlet. Melting points were determined with a Buchi B-540 apparatus and are uncorrected. Fourier transform infrared (FT-IR) spectra were collected on a PerkinElmer IR spectrometer. For recording mass spectra, a quadruple-time-of-flight electrospray ionization mass spectrometry (Q-Tof ESI-MS) instrument (model HAB 273) was used. Single-crystal X-ray data were determined using a Bruker SMART APEX-II CCD diffractometer, which is equipped with a 1.75 kW sealed-tube Mo Kα irradiation system (λ = 0.71073 Å) at 298(2) K. Using SHELXL-97 (Goẗtingen, Germany), the crystal structure was solved by a direct method and refined with full-matrix least squares on F 2 using SHELXL-97. General Procedure for the Synthesis of Nitrate Esters. Alkenes 1 (1.0 mmol), N-hydroxylamines 2 (0.5 mmol), and tert-butyl nitrite (1.0 mmol, 119 μL) were stirred in chlorobenzene (2.0 mL) at room temperature under air. After completion of the reaction, the reaction mixture was treated with 1,2-dichloromethane (30 mL) and successively washed with brine (1 × 10 mL) and water (1 × 10 mL). Drying (Na 2 SO 4 ) and evaporation of the solvent produced a residue that was purified by silica gel column chromatography (60−120 mesh) using hexane and ethyl acetate as an eluent.
General Procedure for the Synthesis of β-Aminoxy Nitrate Esters. To a stirred solution of nitrate ester 3 (0.25 mmol) in MeOH/CHCl 3 (1:3, 2 mL) was added hydrazine hydrate (0.75 mmol, 37.6 mg). The resultant mixture was stirred at 0°C for 4 h under air, and the solvent was evaporated on a rotatory evaporator. The residue was treated with Et 2 O (30 mL), and the solid was filtered. The filtrate was evaporated under reduced pressure to give a pure colorless oil.
General Procedure for the Synthesis of 1,2-Diols Using Mo(CO) 6 . To a stirred solution of 3 or 6 (0.25 mmol) in CH 3 CN/H 2 O (15:1, 2 mL) were added Mo(CO) 6 (0.25 mmol, 66 mg) and Et 3 N (3.75 mmol, 0.52 mL). The reaction mixture was stirred at 80°C temperature for 18−26 h. The progress of the reaction was monitored by TLC using ethyl acetate and hexane as an eluent. After completion, the resultant mixture was neutralized using saturated NH 4 Cl and extracted with ethyl acetate (3 × 5 mL). Drying (Na 2 SO 4 ) and evaporation of the solvent provided a residue, which was purified by silica gel column chromatography using hexane and ethyl acetate as an eluent.
General Procedure for the Synthesis of 1,2-Diol Using Zn/AcOH. To a stirred solution of nitrate ester 3x (0.25 mmol, 78.6 mg) in THF/H 2 O (1:1, 2 mL) were added Zn dust (2.5 mmol, 163.5 mg) and AcOH (0.6 mL). The reaction mixture was stirred at room temperature for 1 h. The resultant mixture was then neutralized using saturated NaHCO 3 and extracted with ethyl acetate (3 × 5 mL). Drying (Na 2 SO 4 ) and evaporation of the solvent gave a residue that was purified by 
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Article silica gel column chromatography using hexane and ethyl acetate as an eluent.
General Procedure for the Synthesis of Benzil. A mixture of nitrate ester 3n (0.2 mmol, 80.9 mg) and Et 3 N (0.5 mL) was stirred at 90°C for 15 h. The progress of the reaction was monitored by TLC using ethyl acetate and hexane as an eluent. The resultant mixture was then neutralized using saturated NH 4 Cl and extracted with ethyl acetate (3 × 5 mL). Drying (Na 2 SO 4 ) and evaporation of the solvent gave a residue that was purified by silica gel column chromatography using hexane and ethyl acetate as an eluent. , 2853, 1788,  1730, 1634, 1556, 1495, 1455, 1430, 1382, 1276, 1203, 1078 CDCl 3 ) δ 171.0, 140.1, 130.5, 129.9, 126.9, 83.4, 75.9,  25.5, 21.4; FT-IR (neat) 2946, 2924, 1788, 1734, 1636, 1556,  1515, 1493, 1430, 1380, 1276, 1202, 1074, 1041, 996, 901, 858 , 816, 721 cm 
